A Gram-stain-positive, aerobic, motile, rod-shaped, endospore-forming bacterium, designated strain R55
Based on phenotypic, chemotaxonomic and phylogenetic properties, strain R55
T is considered to represent a novel species of the genus Paenibacillus, for which the name Paenibacillus marchantiophytorum sp. nov. is proposed. The type strain is R55 T (5 CGMCC 1.15043
The genus Paenibacillus was first proposed based on the reclassification of 11 species of the genus Bacillus (Ash et al., 1993) , with Paenibacillus polymyxa and the type species (Stansly & Schlosser, 1947) . Subsequently, the description of the genus Paenibacillus was emended by Shida et al. (1997) . At the time of writing, this genus contained more than 170 species. Cells of Paenibacillus species are Gram-stain-positive, rod-shaped, positive for oxidase and usually motile, aerobic or facultatively anaerobic and endospore-forming bacteria. They contain anteiso-C 15 : 0 , C 16 : 0 and iso-C 16 : 0 as the major cellular fatty acids and diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylglycerol as the predominant polar lipids . The dominant menaquinone is MK-7 and meso-diaminopimelic acid is the diamino acid in the cell-wall peptidoglycan (Kong et al., 2013) . The DNA G+C contents are in the range 39-59 mol% (Yao et al., 2014) . Species of the genus Paenibacillus have been isolated from a wide range of sources, including soil (Paenibacillus xylanisolvens; Khianngam et al., 2011) , sediment (P. puldeungensis; Traiwan et al., 2011) , water (P. wooponensis; Baik et al., 2011) , clinical samples (P. sputi; Kim et al., 2010) , industrial contaminant samples (P. chartarius; Kämpfer et al., 2012) , rhizosphere (P. rhizoryzae; Zhang et al., 2015) and wetland plants (P. typhae; Kong et al., 2013) , and display very diverse biological functions. Until now, only a few Paenibacillus species have been isolated from bryophytes (Guo et al., 2015; Zhou et al., 2015) .
In a survey of bacteria in liverworts from Gawalong glacier, Tibet (China), in July 2014, strain R55 T was isolated from surface-disinfected Herbertus sendtneri by incubating on R2A (Reasoner & Geldreich, 1985) agar at 28 8C for 2 days. The colonies were subcultured by transfer onto fresh R2A agar plates. The pure culture was maintained at 20 and 80 8C by adding 20 % (v/v) glycerol. The objective of the present study was to establish the taxonomic position of strain R55 T using a polyphasic approach. The identification was performed based on the proposed minimal standards previously described (Logan et al., 2009) .
Genomic DNA was extracted according to the method described by Marmur (1961) . The 16S rRNA gene sequence of strain R55
T was determined based on PCR amplification
Abbreviations: ML, maximum-likelihood; NJ, neighbour-joining.
The GenBank accession numbers for the 16S rRNA and rpoB gene sequences of strain R55 T are KP056549 and KP069474, respectively. The GenBank accession number for the rpoB gene sequence of Paenibacillus ferrarius CCTCC AB 2013369 T (5CY1 T ) is KT267165.
using the universal primers 27F and 1492R (Lane, 1991) . Amplification of the partial RNA polymerase b-subunit (rpoB) gene using the primers 1698F and 2041R was also performed as described previously (Dahllöf et al., 2000; Ding et al., 2005) . The purified amplification product of the 16S rRNA and rpoB genes was cloned into the pMD18-T vector (TAKARA), respectively, and then sequencing was performed by using an ABI Big Dye Primer cycle sequencing ready reaction kit and an Applied Biosystems 3730 DNA sequencer. The obtained 16S rRNA gene sequence of strain R55 T was compared with the sequences available in the EzTaxon-e server (Kim et al., 2012) to determine the most closely related type strains; the rpoB gene sequence was compared with reference rpoB gene sequences available in the GenBank database using the BLAST program. Multiple alignments with sequences of related type strains were performed using CLUSTAL W (Thompson et al., 1994) and phylogenetic trees were reconstructed using the neighbour-joining (NJ; Saitou & Nei, 1987) and maximum-likelihood (ML; Felsenstein, 1981 ) methods in the MEGA 5.05 software (Tamura et al., 2011) , respectively. For the NJ method, average pairwise Jukes-Cantor distances were calculated to be 0.07 for the 16S rRNA and 0.40 for the rpoB gene sequences, values that are suitable for making NJ trees (Nei & Kumar, 2000) . Thus, NJ trees based on both 16S rRNA and rpoB genes were built using the Jukes-Cantor model method, and the rate variation among sites was modelled with a gamma distribution (gamma parameter55). For the ML method, Kimura's two-parameter model with gamma distributed rate was calculated to be the best fit model for both 16S rRNA and rpoB genes based on the Bayesian information criterion value and was used to reconstruct ML trees. All NJ and ML trees were built with partial deletion of gaps and the topology of the trees was estimated by using bootstrap values based on 1000 replications (Felsenstein, 1985 ).
An almost-complete 16S rRNA gene sequence (1505 bp) of strain R55
T was obtained. Comparative 16S rRNA gene sequence analyses via the EzTaxon-e server showed that it was phylogenetically affiliated to species of the genus Paenibacillus and the highest level of similarity was found with Paenibacillus ferrarius CY1 T (97.1 % sequence; Cao et al., 2015) and 'Paenibacillus alba' J20-6 (97.0 %). Levels of similarity with other recognized Paenibacillus species, namely Paenibacillus pocheonensis Gsoil 1138 T , Paenibacillus chondroitinus DSM 5051 T , Paenibacillus frigoriresistens YIM 016
T and Paenibacillus alginolyticus DSM 5050 T , were 96.8, 96.6, 96.6 and 96.2 %, respectively. Both the NJ and the ML phylogenetic trees based on 16S rRNA gene sequences also revealed that strain R55
T belonged to a cluster containing the above six strains ( Fig. 1 ; see also T ) were the most closely related species to strain R55 T and their type strains were obtained from the culture centres. Subsequent conventional phenotypic tests were performed in parallel on strain R55
T and these five reference strains except polar lipid, respiratory quinone, cellwall peptidoglycan and genomic DNA G+C content analyses.
Growth on various media was tested by using tripticase soy agar (TSA; Becton Dickinson), nutrient agar (NA; Becton Dickinson), R2A agar (Becton Dickinson) and MacConkey agar (bioMérieux). Cell morphology and endospore localization were observed by using light microscopy (BX50; Olympus) and scanning electron microscopy (SU8010; Hitachi) after 3 days of growth in R2A broth at 28 8C. Cell motility was determined by observing the growth of cells in test tubes containing semi-solid R2A medium (with 0.75 % agar) after incubation at 28 8C for 5 days. Colony morphology was examined on R2A agar after 3 days of growth at 28 8C. Growth at various temperatures (4, 10, 16, 20, 25, 28, 32, 37, 42 and 46 8C) was tested on R2A agar for 5 days. Different initial pH values (4-10 at intervals of approximately 0.5 pH units) were achieved by using the following buffers: citrate/Na 2 HPO 4 (pH 4.0, 4.6, 5.0 and 5.6), phosphate (pH 6.0, 6.5, 7.0, 7.5) and Tris/HCl (pH 8.0, 8.5, 9.0, 9.5, 10.0). Salt tolerance was tested using R2A broth supplemented with 0-6 % (w/v) NaCl (intervals of 1 %) for 5 days at 28 8C. Anaerobic growth was tested on plain R2A agar and on R2A agar supplemented with sodium thioglycolate (0.1 %, w/v) for up to 10 days in a jar containing an AnaeroPack-Anaero (Mitsubishi Gas Chemical). Phenotypic characteristics such as Gram staining, catalase activity, oxidase activity and hydrolysis of casein, Tween 20, Tween 80 and egg yolk were determined according to the methods of Smibert & Krieg (1994) . The methyl red reaction was assessed as described by Dong & Cai (2001) . The physiological characteristics, biochemical properties and enzyme activities were further determined using API 20E, API ZYM and API 50CH strips combined with API 50CHB medium according to the manufacturer's instructions (bioMérieux). Antibiotic sensitivities of strain R55
T were investigated by using the disc-diffusion plate method. The antibiotic discs (Hangzhou Microbial Reagent) tested comprised: azithromycin (15 mg), tetracycline (30 mg), rifampicin (5 mg), cefotaxime (15 mg), streptomycin (10 mg), chloramphenicol (30 mg), ofloxacin (5 mg) and kanamycin (30 mg). Four discs of each antibiotic were put on the R2A agar plate coated with cells of strain R55 T ; antibiotic susceptibility was identified by comparing the bacteriostatic diameter with the data provided by the manufacturer (http://www.hangwei-media.com/support/jszc2/2013-10-08/ 23.html).
Cells were Gram-stain-positive, motile and rod-shaped. Elliptical endospores formed in the terminal or subterminal region of the swelling sporangia (Fig. S3) . Strain R55
T was sensitive to azithromycin (15 mg), tetracycline (30 mg), rifampicin (5 mg), cefotaxime (30 mg), streptomycin (10 mg), chloramphenicol (30 mg) and ofloxacin (5 mg), but resistant to kanamycin (30 mg). Other phenotypic characteristics are given in the species description, and Table 1 shows the key features that differentiate the novel strain from five closely related species of the genus Paenibacillus.
To determine the cellular fatty acid composition, strain R55
T and the five reference strains were incubated on TSA at 30 8C. Standardization of the physiological age of the strains was achieved by choice of the second and third sectors from a quadrant streak when colonies became visible in the fourth sector. Extraction and analysis of the cellular fatty acids were carried out at China General Microbiological Culture Collection Center (CGMCC) according to the standard protocol of the Sherlock Microbial Identification System version 6.0 (Sasser, 1990) and peaks were identified using the TSBA6 6.00 peaknaming table. The major fatty acids (.5 %) of strain R55
T were anteiso-C 15 : 0 (65.8 %), C 16 : 0 (10.4 %) and iso-C 16 : 0 (8.1 %). In addition, significant amounts of anteiso-C 17 : 0 , iso-C 15 : 0 , iso-C 14 : 0 , C 14 : 0 and anteiso-C 11 : 0 were also detected. The overall fatty acid profiles of the six strains were similar, with anteiso-C 15 : 0 as the major component. However, strain R55
T differed from the five reference strains by showing a higher amount of C 16 : 0 (Table 2) .
Further chemical analyses of polar lipids, isoprenoid quinone and peptidoglycan of strain R55
T were performed by the Identification Service of the DSMZ (Braunschweig, Germany) according to the methods described on their website (https://www.dsmz.de). Polar lipids were extracted from 100 mg of freeze-dried cell material using a chloroform/methanol/0.3 % aqueous NaCl mixture (1 : 2 : 0.8, by vol.) and separated by two-dimensional silica gel TLC. Plates were detected by using molybdatophosphoric acid. The isoprenoid quinone was extracted using methanol/ 'Paenibacillus alba' J20-6 (JQ966212)
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hexane (Tindall, 1990a, b) , followed by phase separation into hexane, and finally separated into different classes by TLC using hexane/tert-butylmethylether (9 : 1, by vol.) as solvent. Peptidoglycan analysis was done by first hydrolysing cells of strain R55 T using 4 M HCl at 100 8C for 16 h, and the hydrolysates were then subjected to TLC on cellulose plates according to the protocol of Schumann (2011) .
The polar lipid profile of strain R55
T was dominated by the presence of large amounts of diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine, while small amounts of two unidentified aminophospholipids, one unidentified aminolipid, one unidentified phospholipid and one unknown component were also detected (Fig. S4) . The predominant isoprenoid quinone was menaquinone with seven isoprene units (MK-7). The cell-wall peptidoglycan type belonged to A1c (A31 according to www.peptidoglycan-types.info), and meso-diaminopimelic acid was considered as the diagnostic diamino acid. All the above major chemical characteristics of strain R55
T were similar to those of recognized species of the genus Paenibacillus (Kim et al., 2010; Zhou et al., 2012) .
In addition, the G+C content of the genomic DNA was determined using the HPLC method as previously described (Mesbah et al., 1989) . DNA-DNA hybridization was carried out to evaluate the DNA-DNA relatedness between strain R55 T and P. ferrarius (CCTCC AB 2013369 T ) using the optical renaturation rate method (Gillis et al., 1970) . Hybridization was carried out in 26 . +, Positive result; 2, negative result; W, weak or delayed reaction. All data were from this study, except the DNA G+C content of the reference strains and those in parentheses. Growth with NaCl (%)
Tween 20 SSC buffer using a Perkin Elmer Lambda 35 UV/VIS spectrophotometer. The genomic DNA G+C content of strain R55 T was 36.9 mol%, a value that was slightly lower than those in other related reference strains but within the range reported for the genus Paenibacillus (Yao et al., 2014) . Three repeats of DNA-DNA hybridization with a melting temperature of 66 8C showed that the level of DNA-DNA relatedness between strain R55 T and P. ferrarius CCTCC AB 2013369 T was 44.1¡2.0 %, clearly below the 70 % threshold value generally accepted for species delineation (Stackebrandt et al., 2002) .
In view of the combined morphological, physiological and chemotaxonomic data and of the phylogenetic inference presented here, it is evident that strain R55 T belongs to the genus Paenibacillus. However, R55
T is different from previously described species of the genus Paenibacillus according to some key differential phenotypic characteristics (Table 1) as well as phylogenetic and genomic distinctiveness. Hence, it is suggested that strain R55
T represents a novel species of the genus Paenibacillus, for which the name Paenibacillus marchantiophytorum sp. nov. is proposed.
Description of Paenibacillus marchantiophytorum sp. nov.
Paenibacillus marchantiophytorum (mar.chan.ti.o.phy.-to9rum. N.L. gen. pl. n. marchantiophytorum of Marchantiophyta, of liverworts).
Cells are Gram-stain-positive, aerobic, motile, rod-shaped, about 0.4-0.6 mm in diameter and 2.3-3.6 mm long. Elliptical endospores form in the terminal or subterminal region of the swelling sporangia. Colonies on R2A agar are white, circular with entire margins, smooth and 0.9-1.6 mm in diameter after incubation under aerobic conditions at 28 uC for 48 h. Growth also occurs on TSA agar and NA, but no growth is observed on MacConkey agar. Growth occurs in the presence of 0-1 % (w/v) NaCl (optimal growth with no NaCl), at pH 5.5-9.0 (optimal growth at pH 7.0-7.5) and at 20-37 uC (optimal growth at 28 uC) in R2A broth. Positive for catalase and oxidase activities, and hydrolysis of casein, Tweens 20 and 80, but negative for methyl red reaction and nitrate reduction. Positive for gelatinase and b-galactosidase (ONPG test) activities, and acetoin production, but negative for citrate utilization, H 2 S production, indole production and activities of lysine decarboxylase, arginine dihydrolase, ornithine decarboxylase, urease and tryptophan deaminase (API 20E test strips). Positive for activities of a-glucosidase, esterase (C4), esterase lipase (C8), acid phosphatase, naphthol-AS-BI-phosphohydrolase, alkaline phosphatase, leucine arylamidase, cystine arylamidase, a-chymotrypsin and Nacetyl-b-glucosaminidase, weakly positive for a-fucosidase, b-galactosidase and trypsin activities, but negative for lipase (C14), valine arylamidase, a-galactosidase, b-glucuronidase, b-glucosidase and a-mannosidase activities (API ZYM test strips). Acid is produced from cellobiose, lactose, The major polar lipids are diphosphatidylglycerol, phosphatidylethanolamine and phosphatidylglycerol, while the minor polar lipids are two unidentified aminophospholipids, one unidentified phospholipid and one unidentified aminolipid. The predominant isoprenoid quinone is MK-7. The diagnostic diamino acid of the cell-wall peptidoglycan is meso-diaminopimelic acid.
The type strain is R55 T (5CGMCC 1.15043 T 5DSM 29850 T ), isolated from the liverwort Herbertus sendtneri growing at Gawalong glacier, Tibet, China. The DNA G+C content of the type strain is 36.9 mol%. *Summed features represent groups of two or three fatty acids that cannot be separated by GLC using the MIDI system. Summed feature 4 contained iso-C 17 : 1 I and/or anteiso-C 17 : 1 B.
